Biomass energy is expected to play a major role in the substitution of renewable energy sources for fossil fuels over the next several decades. The US Energy Information Administration (EIA 2012) forecasts increases in the share of biomass in US energy production from 8 percent in 2009 to 15 percent by 2035. The general view has been that carbon emitted into the atmosphere from biological materials is carbon neutral-part of a closed loop whereby plant regrowth simply recaptures the carbon emissions associated with the energy produced. Recently this view has been challenged, and the US Environmental Protection Agency (EPA) is considering regulations to be applied to biomass energy carbon emissions. A basic approach for analyses of environmental impacts has been the use of life cycle assessment (LCA), a methodology for assessing and measuring the environmental impact of a product over its lifetime-from raw material extraction through materials processing, manufacture, distribution, use, repair and maintenance, and disposal or recycling. However, LCA approaches vary, and the results of alternative methodologies often differ (Helin et al. 2012 ). This study investigates and compares the implications of these alternative approaches for emissions from wood biomass energy, the carbon footprint, and also highlights the differences in LCA environmental impacts.
Introduction
Biomass energy is expected to play a major role in the substitution of renewable energy sources for fossil fuels over the next several decades. The U.S. Energy Information Administration (EIA 2012) forecasts increases in the share of biomass in U.S. energy production from 8 percent in 2009 to 15 percent by 2035. Although biogenic materials (wood, grasses, and plants, for example) do release carbon when combusted for energy, the general view has been that carbon emitted into the atmosphere from biological materials is carbon neutral-part of a closed loop whereby subsequent plant regrowth simply recaptures the carbon emissions associated with the energy produced.
This view has generally looked for support to the Intergovernmental Panel for Climate
Chance (IPCC 2006) assessment. Although the IPCC never made any assumptions about neutrality or trends in carbon stocks, under the IPCC reporting rules the impacts of biomass energy would not be reported in the energy sector but would be reported in the land use change and forestry sector (LULUC). Hence, biomass energy could be viewed as carbon neutral since emissions would eventually be sequestered in future biological growth. In a steady state biological system (like the classic regulated forest), gross emissions would equal gross sequestration, thus net emissions would be zero. However, the IPCC includes caveats related to forest regeneration conditions and, specifically, this approach assumes that biomass stocks for the entity in question are at a long-term steady state.
Recently, this view has been challenged, and a dispute has ensued over the general carbon neutrality of biomass energy and the nature of any regulations that should be applied.
Two noteworthy letters have been sent to Congress by eminent scientists examining the meritsor demerits-of biofuels in the climate debate. The first, from 90 scientists (dated May 17th, 2010) questioned the treatment of all biomass energy as carbon neutral, arguing that such treatment could undermine legislative emission-reduction goals. They stated that the  Sedjo is a senior fellow and director of the Forest Economics and Policy Program at Resources for the Future, sedjo@rff.org. The author would like to thank Reid Miner for his many useful suggestions.
"replacement of fossil fuels with bioenergy does not directly stop carbon dioxide emissions from tailpipes or smokestacks." Thus, biomass energy-fuels derived from wood or other plant material-produces emissions and therefore is unlike other renewables, such as wind or solar. Also, they noted that time dimension is essentially ignored, so although net emissions may be zero over long time periods, they often will not be zero in shorter time periods. Additionally, this first letter stated that the biomass stock need not necessarily return to the earlier level, through regional deforestation, for example. Finally, they noted that biomass releases more carbon per energy unit than do most fossil fuels, although regrowth could offset this.
The second letter, by 110 forest scientists (dated July 20, 2010) expressed concern over equating biogenic carbon emission with fossil fuel emissions, such as contemplated in the EPA Tailoring Rule. They also noted, correctly, that carbon dioxide released from the combustion of wood biomass is part of the global cycle of biogenic carbon and "does not increase the amount of carbon in circulation," as would fossil fuel emissions (for a discussion and references see Sedjo The purpose of this study is to examine recent approaches to applying LCA to forest wood as a feedstock for bioenergy, noting how the different underlying methodologies have generated different results, which has in turn contributed to the confusion and lack of clarity for regulation. This study demonstrates how the results may hinge on the particular LCA approach used in the assumptions surrounding the analysis. Hence, extreme caution should be used when applying the results of any particular LCA.
Background and Concepts
As noted above, until recently, the conventional wisdom was that the use of wood energy as a substitute for fossil fuels would reduce net carbon emissions since the wood biomass would substitute for fossil fuels, and wood, being a renewable resource, would recapture the emitted carbon as the forest regrows. Essentially, the carbon emitted by biomass energy would be recycled back into the forest. The assumption was that forest stock changes due to wood bioenergy would remain unchanged or increase (IPCC 2006) . Some analysts, however, have suggested that the simple regeneration assumption may not be adequate. After all, not all forests experience regeneration. A concern is that the use of wood biofuels will decrease the forest stock at a rate exceeding regrowth and thus reduce the net carbon captured in the forest, thereby offsetting some or all of the gains to the decrease of fossil fuel use. Furthermore, as noted by Cherubini et al. (2011) , although a sustainable forest may be carbon neutral, that is forest stocks remain constant over a rotation despite their use as bioenergy, there would be periods of volume decline followed by periods of volume growth (see WBCSD 2012). Thus, although the long-term net change in the amount of carbon captured in the forest may be zero, in the shorter term the initial large emissions may not be fully offset by regrowth, and so using wood biomass energy can generate substantial near-term increases in atmospheric carbon.
By contrast, a regulated forest, a concept common in forestry (Davis and Johnson 1986) , would be both sustainable and carbon neutral across time periods. In a regulated forest, the volume harvest per period (typically one year) is just equal to the new growth of the forest system for that same period. Such a forest retains a constant volume of wood over time periods as volume harvest just equals net growth per period. In essence, the forester is harvesting the net growth but leaving forest stock constant. Foresters have long noted that such a forest retains a constant volume of wood over time. A clear implication of this is that the forest also maintains a constant volume of carbon over time and that no net carbon is being released to the atmosphere, even if all the harvested wood is used for bioenergy. A sustainable forest would recycle biomass energy emissions back into the forest through regrowth, although there may be period of net emissions followed by periods of net sequestration. Indeed, a forester's regulated forest, where the annual harvest equals the annual net growth, would find no net emissions and thus carbon would be neutral in both the short or long term.
Whether or not, as an empirical question, individual forests are managed as regulated forests, it should be noted that in many countries of the world, including most of Europe, the United States, and China, the net volume of forest biomass has been increasing in recent decades.
So whatever the condition of a particular forest in these countries, the aggregate forest systems of many of these countries have been more than sustainable in recent decades, and the aggregate forest carbon stocks in the forests of these countries have been increasing.
What Is Life Cycle Assessment?
A basic approach for analyses has been the use of Life Cycle Assessment (LCA). LCA is a methodology for assessing and measuring the environmental impact of a product over its lifetime (Rebitzer et al. 2004; Finnveden et al. 2009 ). An LCA is a technique to assess environmental impacts associated with all the stages of a product's life from cradle to grave (i.e., from raw material extraction through materials processing, manufacture, distribution, use, repair and maintenance, and disposal or recycling). LCA procedures are part of the ISO 14000 environmental management standards: in ISO 14040:2006 and 14044:2006. (http://www.iso14000-iso14001-environmental-management.com/)
An LCA is typically initiated by defining the goal and scope of the study. This is followed by a life cycle inventory: an inventory of flows from and to nature for a product system.
The major purpose of the analysis is to quantify the inputs and outputs and then determine how the product affects the environment. The approach can also be applied to a particular environmental impact, such as carbon emissions, throughout the bioenergy life cycle. This study abstracts from the multiple flow focus, limiting its concentration to carbon dioxide releases to the atmosphere and from wood biomass energy production and sequestration from the atmosphere.
As applied to carbon emissions, Helin et al. (2012) have noted that "Many biomass GHG accounting methods have been developed resulting in notably different conclusions," and they undertake a study that discusses the various approaches (e.g., Lippke et al. 2009; Manomet 2010; Malmsheimer et al. 2011) . Among other things, Helin et al. suggest that the timing of releases and re-sequestration is important, and they also note, as does the WBCSD (2012), the criticality of the definition of spatial and temporal system boundaries. Furthermore, Helin et al. note the development of different "LCA modes or types." As developed by Currant et al. (2005) , an "attributional" LCA (ALCA) can be defined as a method that aims "to describe the environmentally relevant physical flows of a past, current or potential future product system."
This type of assessment is called "attributional" because it characterrises the attributes of the system being study as they exist, independend of other systems. However, Currant et al. note that a "consequential" LCA (CLCA) can be defined as a method that aims "to describe how environmentally relevant physical flows would have been or would be changed in response to possible decisions that would have been or would be made" (in Helin et al 2012 p 2). It is "consequential " in that it attempts to charactrize the consequences of using the product on other product systems. Thus, the ALCA attempts to describe the product system more or less as it is, whereas the CLCA asks, "What if?" Or, restated, the ALCA treats most other factors as constant, ceteris parabis, while the CLCA recognizes that changes in the product system could result in management and market responses to its use. These anticipated responses are incorporated into the dynamic CLCA. This paper undertakes an investigation of the application and implications of the two extremes, and an intervening intermediate approach for wood biomass energy is undertaken below.
Wood for Bioenergy
The use of wood bioenergy is a two-way street that can affect supply as well as demand.
Long-term forest management models recognize that harvest levels and management investments are related (Sohngen et al. 1999; Adams et al. 1996) . Consider now the models used by Sohngen In these analyses, management and investments decision are driven importantly by anticipated future markets. This approach is known as forward looking or involving rational expectations (Muth 1961; Takayama and Judge 1971) .
Given an expectation of a significant increase in the demand for wood biogenic energy, such as forecast by the EIA, it is clear that a forward-looking approach of bioenergy harvests from forests would anticipate a resulting reduced store of forest stock and carbon and release carbon into the atmosphere, in the absence of any offsetting activities. It is also clear, however, that an anticipation of higher levels of future demand for wood biomass will encourage increased investments in forests for biomass energy. Indeed, to the extent that these investments (think forest expansions, new plantings, improved faster-growing seedlings, intensive management to increase yields) need be undertaken in anticipation of future demand not yet realized, forest expansion could precede harvests, and carbon will be newly captured, thereby preceding its future release. Because these investments are trigged by anticipated increases in future demand, the expansion of forests and harvests is additional to what would have been the "business-asusual forest."
Many such assessments of the relationship between the carbon sequestered in the forest and net carbon emissions associated with wood bioenergy take an accounting view of a static forest stand, that is, static in their treatment of supply and demand effects, (Manomet 2010; Puettmann and Wilson 2005) . Even when making an assessment over time, each stand and each period is treated more or less independently of other stands and periods. For example, in studying the carbon neutrality issue in wood biomass production, the Manomet report's authors analyzed an individual mature forest stand and independent exogenous harvest decisions.
However, recent assessments have recognized that supply is responsive to demand and that forestry is a dynamic system in which management reacts to market changes on a broad scale involving multiple stands and multiple forests. These systems have general equilibrium characteristics, and changes in demand in one forest will be transmitted throughout the multiforest system. A decision to harvest in one forest in a particular time period involves related forest management decisions for other stands, other forests, and other time periods. If future demand is expected to increase, forest managers behave differently than if they expect future demand to be constant or lower. Higher expected future prices encourage forest expansion, with more active forestland management, such as tree planting and silviculture. Indeed, if near-term price trends are expected to rise, current harvest can actually decline as managers "conserve" the wood for future sale in a higher-price period. This phenomenon is not limited to the behavior of one forest manager in one forest but rather will be transmitted via market signals (prices) throughout the system to all forest managers. In a world of scarce energy with rising prices, where biomass is beginning to play a substantive role, future wood prices can be expected to rise.
Indeed, some industrial wood mills anticipate having to compete with the biomass feedstock market, and concerns about rising wood prices may well be valid (Sedjo and Sohngen 2013) .
Comparative Analysis
This section compares the application of an LCA-type approach in three studies ranging from most to least constrained. These are the Manomet study ; the Canadian mature forest study (McKechnie et al. 2011) ; and the conceptual Timber Supply Model (TSM) analysis by . The Manomet study, the most constrained, uses an LCA to examine the net level of GHG emissions from the use of wood from a mature forest site over a 100-year time period. This analysis involves a single harvest on a single plot followed by regeneration. However, no other adjustments are allowed, and there is no change in expectations of future markets or prices.
The Canadian study, an intermediate case, examines the carbon effects of periodic harvests from a changing subset of the various plots on a large mature forest. This forest has large but fixed land area and boundaries. Having multiple plots allows for an examination of the LCA carbon implications through time where harvests and new forest growth are occurring in the same time period. A fixed annual harvest level is set with the individual annual harvests occurring on various mature plots. The harvested plots are assumed to regenerate at historic rates. As more plots are harvested, the net cumulative growth on these plots gradually increases as the forest system asymptotically approaches a steady state. However, the steady state is only achieved beyond the end of the 100-year analysis.
Finally, the TSM, the least constrained approach, uses a well-known rational expectations multi-plot timber projections model to examine the LCA effects of an anticipated increase in demand for wood biomass energy. This system allows forest investments and land use to change depending upon current and anticipation market conditions. Also, the system is not constrained by land boundaries other than the stipulation that the land must provide better economic returns in forest than in alternative uses. To do this the land rents increase as more land is drawn into forestry, reflecting the higher opportunity costs. (This approach could constrain forest land to the initial boundaries but still allow for forest stock expansion due to more intensive forest management investments.) This analysis allows management to respond to market changes-for example, with new forest investments and more intensive management-and is (generally) not constrained by non-economic land constraints. It can be argued that the entire U.S. forest estate is best represented by a multi-plot approach that in turn represents the aggregate forestlands of the country, the management of which is driven by market signals.
Life Cycle Assessments of the Cases

Manomet Study
The Manomet study, released by Center for Conservation Sciences (2010), was commissioned by the State of Massachusetts to help inform the legislature as to the feasibility of substituting wood biomass for coal in some of its electrical power generation. A concern of the legislature was meeting near-term emission reduction targets, which was subsequently viewed as problematic in light of the long-term nature of the carbon benefits identified.
The study's LCA examines the effect on atmospheric carbon of a one-time wood harvest, with the wood being substituted for fossil fuels for energy production. The study focuses on the emissions of the wood from that site and on the regrowth that occurs on that site. In that context, it is assumed that the decision to use harvested wood from that site has no effect on management decisions on other forests or other sites. Thus the study has the implicit assumption of certeris paribus; that is, other things being held constant. The approach traces the emissions associated with the wood substitution and the GHGs sequestered (Fig 1) . The approach inventories the onetime carbon release and subsequent sequestration over the extended period (roughly 100 years), during which the regenerated forest replaces the original mature forest. The biomass carbon debt of the first 35 years reflects the fact that wood emits a larger volume of GHGs than fossil fuels for a given amount of energy production. However, as the harvested area is replaced by forest regrowth, the deficit is gradually offset as subsequent regrowth sequesters the earlier emissions, resulting in no net forest emissions over the complete cycle. The schematic above represents the incremental carbon storage over time of a stand harvested for biomass energy wood relative to a typically harvested stand (BAU). T he site experiences an initial carbon debt (9 tonnes) that is shown as the difference between the total carbon harvested for biomass (20 tonnes) and the carbon released by fossil fuel burning (11 tonnes) that produces an equivalent amount of energy. The carbon dividend is defined in the graph as the portion of the fossil fuel emissions (11 tonnes) that are offset by forest growth at a particular point in time. In the example, this is after the 9-tonne biomass carbon debt is recovered by forest growth (year 32) (Manomet 2010 ).
The Manomet study concludes that a carbon debt will be incurred for the first 32 years for this particular forest, after which the continuing regrowth will sequester net carbon over what would be the case in the absence of the substitution of the biomass for the previously used fossil fuel. After this time:
GHG levels fall below what they would have been had an equivalent amount of energy been generated from fossil fuels. This is the point at which the benefits of burning biomass begin to accrue, rising over time as the forest sequesters greater amounts of carbon relative to the typical harvest (Manomet 2010) .
Note here that an important issue is the carbon debt, which persists in this analysis for 32 years. Indeed, this type of analysis discouraged the use of wood for bioenergy since many of the carbon targets are relatively near-term, e.g., a net carbon reduction by 2020.
Observe that the delayed benefits of the use of wood to substitute for fossil fuels suggested that short-term GHG emissions targets would not be assisted by the use of bioenergy.
This finding gave the Massachusetts legislature pause regarding whether to move ahead with bioenergy.
Canadian Forest Study
This study (McKechnie et al. 2011 ) involves a large mature natural forest (fixed at 5.3 million ha) that relies on natural regeneration for regrowth. The forest land area and market conditions are assumed to be fixed. At the inception of the analysis, the forest begins to be harvested at a constant annual rate that is sustainable in the long term. However, it requires over 100 years to convert the forest to the steady state-that is, where growth in the harvested areas equals the continuing harvest in the various plots. The study examines a number of alternative scenarios in which the wood can be used for a variety of purposes, for example, including consideration of long-lived forest products sequester carbon well beyond the life of the tree.
Other alternatives examined in the study include pellets produced from wood residues, pellets from standing trees, ethanol from residues and from standing trees. In most scenarios involving the substitution of bioenergy for fossil fuels, total emissions are reduced in these analyses. Total emissions tend to rise in the early periods and generally decline thereafter as the increased harvest areas experience regrowth and begin to sequester carbon. The new steady state forest has less carbon in it than did the initial mature forest, but for most scenarios examined, the net effect was to decrease total carbon emissions within the 100-year period or less-in some cases far less. This analysis demonstrates that the type of energy use to which the biomass is put can be important to the timing of sequestration and the net benefits of using biomass. In many respects, this study is simply the application of a Manomet approach to a larger multi-plot forest with continuous periodic harvests. Since the harvests continue indefinitely, however, the final steady state forest stock will be smaller than the original mature forest.
TSM study
The Sedjo/Tian (2012) analysis, uses a variant of a well-known dynamic optimization forest management model (Daigneault et al. 2012; Sohngen et al. 1999; Sedjo and Sohngen 2013) to examine the effect of changing wood biomass demand on the existing forest and the amount of carbon captured by the forest system. The approach, which uses a continuous time optimal control model, is presented below. The model maximizes the net present value of net surplus in wood biomass markets. Net surplus is defined as the area between the biomass demand curve and the land rent cost, often simply characterized as profit. Modifying Sohngen et al. (1999) , the social planner's problem is thus:
dt (1) s. t the hectare planted, and V(a) is the wood biomass yield function, where a is the age of plants harvested. R(•) represents land rent or the opportunity cost of maintaining land as forest rather than allowing it for alternatives uses. X(•) is the forest land hectares. The variable r is the interest rate that should reflect the risk with carbon uptake service (e.g., fire risk, slower than expected tree growth, etc.). The state variable here is X(t). The choice variables are H(t) and G(t). The state variable will vary over time according to Equation (2), where X D is the increased hectares of forests between current period and the next period.
We further modify the earlier model where forest land is fixed, to allow forested land and wood biomass to expand or contract by planting and harvest (Equation 2). So there is the possibility that some harvested land may not be replanted, thereby falling out of forest, and also the possibility that additional land will be converted to forest.
In the dynamic forest management model, management activities over time respond to current and anticipated market conditions that maximize financial returns to the forest, under alternative scenarios with different rates of demand growth, elasticities of forestland supply, and growth-and-yield functions. This approach recognizes that increased, expected, or actual demand will influence both harvest levels but also investments in new forests production via management in the direction of increased investments in forests, such as through tree planting and silvicultural activities. The approach examines the intertemporal path of forest carbon stocks and changes in this path due to the increased use of wood for bioenergy and the induced increase in forest investments and management. The approach uses a general stylized forest sector model to examine the effects of an increase in the use of wood biomass energy on the amount of carbon captured in the forest over time under several hypothetical conditions.
Sedjo-Tian (2012) apply a CLCA approach to a forward-looking forest management projections model-a rational expectations approach (e.g., see Sohngen et al. 1999; Adams, et al. 1996) . We focus on situations where the market for biomass energy is expected to increase substantially, primarily over a 40-year period, although we also look at situations of declining biomass energy demands applied to wood biomass for energy. This study utilizes alternative scenarios with respect to future increases in demand for wood for biofuel, and associated higher prices are anticipated. Responding to higher demand and prices, new forest investments are made consistent with those anticipations. In the real world, these investments could take many forms, such as improved genetic tree stock, fertilization, and modified harvesting techniques. In the model, the investment takes the form of expansion of forest area; specifically, more land is brought into forestry at a rental price for land, which is rising as more land is brought into forest.
The implications of this approach on forests and forest carbon are presented in the scenarios of Figures 2-5. This analysis suggests that the market will respond to an anticipation of increased future demand growth for biomass for energy by increasing investments in wood biomass for energy. Figure 2 hypothesizes three anticipated future price growth paths: no anticipated price changes; a 2 percent annual anticipated increase in prices over a 40 year period;
and a 4 percent annual price increase over a 40-year period. Figure 3 shows the areas of forest associated with the alternative anticipated price rises; Figure 4 presents the harvest volume paths associated with each path; and Figure 5 projects the path of the volume of carbon captured in the various alternative forests. Similar graphs have been developed for the expectation of a decline in wood biomass energy prices, and they indicate declining paths for forest area, harvest volumes, and forest carbon volumes.
Although one need not accept the precise growth paths, one would expect that the anticipation of almost everyone-including, importantly, the U.S. EIA and the International Energy Agency-of an increased role for wood and biomass in energy would influence investment decisions in the wood industry. In short, this analysis suggests that anticipated large increases in wood biomass for energy over the next few decades would be expected to stimulate wood markets and encourage investment in forest and other biomass feedstock operations. 
Summary and Conclusions
Biomass, including wood, can substitute fossil fuel as an energy source through direct combustion of wood chips and pellets or via the conversion of biomass into biofuels such as ethanol and similar energy products. This paper examines the use of LCA to estimate the effects of forest harvests for biomass feedstock on GHG emissions. LCA is commonly used to assess the environmental implications of various products and activities, including the net effect on carbon and other GHG emissions. Important aspects in the application of LCA to emissions of wood biomass feedstock are the definition of boundaries, the treatment of time and consideration of market dynamics.
However, the literature suggests that there are a number of different LCA approaches and that these can generate very different findings (Helin 2012) . Various methodologies have been used in the application of LCA generally, and more specifically to the estimate of GHG emissions from forest harvests used for bioenergy. This paper examines some of those methodological variations. At one end of the spectrum is an analysis with narrow, fixed boundaries that looks at a single product over its lifetime while assuming that other things, including markets, prices, and investments, are unchanged by the use of the product. At the other end of the spectrum is an LCA that incorporates changes in markets, prices, and investment levels directly attributable to the use of the emissions producing product. If the use of the product does not create effects on markets, prices, or investments, then the two extremes converge for given boundaries and time horizons. This paper examines three case studies in the literature ranging from the Manomet study-which uses the very narrow methodology with restricted boundaries (a single forest stand harvest at a single point in time) while assuming wood and energy markets (for example) are unaffected-to the TSM-which uses an unconstrained approach and anticipates that the consequences of widespread demand increases for wood for biomass energy will be sufficiently large so as to affect future markets, prices and investments, and forestland areas. An intermediate case study, the Canadian case, which treats markets as relatively fixed while allowing for numerous harvests over time and space within a fixed forest area, is also examined to highlight some of the methodological differences.
Although the different approaches were not applied to identical case conditions, it is clear that the results differ substantially and the differences are the results of using different LCA methodologies and the inherent differences in assumptions. Finallly, given sufficient time and assuming that complete regeneration replaces harvest, all three approaches will generate no net emissions for their respective forest since each becomes a fully regulated forest in which growth equals harvest for each of the three different time periods. Thus, the implication is that the use of wood biomass for energy will imply no net forest emissions to the atmosphere given adequate regeneration and sufficient time.
